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磷元素处元素周期表第三周期，15 主族，原子核外电子排布式：1s2 2s2 2p6 3s2 
3p3。特殊的电子结构使得有机磷化合物具有从三配位到六配位多种复杂结构式，
而多变的结构让其具有了丰富多彩的性质，在生物医药，材料，有机合成等领域
发挥着举足轻重的作用。上世纪，Arbuzov，Todd 等磷化学家发展的一系列 P-X 
(X = C, N, O, S 等)构建方法，为磷化学的发展做出了巨大贡献。近年来，随着金
属有机化学的不断发展，金属辅助下，简洁高效构建 P-X（X = C, N, O, S 等）键
成了磷化学新的合成研究方向。本论文的主要内容如下： 
第一部分 P-C(sp2)的构建：发展了 CuI 催化二芳基碘盐与 P(O)H 化合物的偶
联反应。该反应在室温空气中反应 10 min 即可高产率得到磷配体的前提原料芳
基膦化合物。详细研究了底物的适用性和选择性。该方法的突出特点是可以定量
合成大位阻芳基膦化合物，为大位阻的磷配体合成提供了高效的合成方法。 





第三部分 P-O 键的构建：发展了 Bu4NI 催化 P(O)H 化合物与甲苯衍生物的
偶联反应合成苄基膦(磷)酸酯类化合物。我们用廉价易得的化工原料甲苯类化合
物来代替传统的醇。机理研究表明：反应关键步骤是甲苯的 Csp3-H 键的氧化，
同时 P(O)H 被氧化成 P(O)OH。最后，两种氧化产物实现了 C-O 键和 P-O 键的
构建。 






















Phosphorus is a group 15 element of the periodic table. The electronic structure of 
phosphorus distributed as 1s2 2s2 2p6 3s2 3p3. Organic phosphorus compounds have 
broad applications in biological systems, medicinal chemistry, materials and 
synthetics. This variety is due to the ability of phosphorus to occur in a large number 
of different valence and coordination states. Over the past decads, the Arbuzou 
reaction and Todd reaction had found to be the most efficient methods for the 
formation of P-X bonds. However, considering the important of phosphorus 
compounds, there is still a great demand to develop new methods for their synthesis. 
Here in, we developed four new methods for the construction of P-X bonds. 
  Part 1: A new method for copper-catalyzed P-C bond formation through reaction of 
phosphorus nucleophiles with diaryliodonium salts at room temperature is described. 
Most target products are obtained with this method in high yields within a short 
reaction time of 10 min. This method avoids using any air-sensitive reagents, and the 
reaction can, therefore, be performed under ambient conditions. Specially our reaction 
is high efficiecy for bulky substances. 
  Part 2: A novel Mn(III)-mediated intermolecular difunctionalization of alkenes with 
H-phosphonates and TMSN3 to deliver β-azidophosphonates in one pot is developed. 
Preliminary investigation showed that the alkenes by the addition of azidyl radicals 
followed by trapping with TMSN3 are involved in this reansformation. Due to the 
unique properties of azido group, various nitrogen-containing phosphorus compounds 
were also easily obtained.  
Part 3: An efficient metal-free approach for the synthesis of phosphate esters 
through sp3 C-H activation is described. By using toluene derivatives instead of alchol, 
our methods are more econic. The mechanism study showed that both toluene and 
Ph2P(O)H were oxidand in this transformation with the formation of P-O and C-O 
bonds. 
















boronic acids with H-phosphonates and elemental sulfur at room temperature is 
developed. This reaction provides a convenient method for the synthesis of S-aryl 
phosphothioates bearing a wide range of functional groups.  



















符号 英文含义 中文含义 
Bpy 2,2’-bipyridin 2,2-联吡啶 
BQ Benzoquinone 苯醌 
BHT 2,6-Di-tert-butyl-4-methylphenol 二叔丁基-4-甲基苯酚 
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene 1,8-二氮杂双环[5.4.0]十一
碳-7-烯 
DCM Dichloromethane 二氯甲烷 
DCE 1,2-Dichloroethane 1,2-二氯乙烷 
DMF N,N-Dimethylformamide N,N-二甲基甲酰胺 
DMSO Dimethyl sulfoxide 二甲基亚砜 
DMEDA N,N'-Dimethyl-1,2-ethanediamine N,N'-二甲基乙二胺 
DTBP Di-tert-butyl peroxide 二叔丁基过氧化物 
ESI-MS Electrospray ionization mass spectrometry 电喷雾电离质谱 
h Hour 小时 
mCPBA 3-Chloroperoxybenzoic acid 间氯过氧苯甲酸 
NMR Nuclear Magnetic Resonance 核磁共振 
NMP 1-Methyl-2-pyrrolidinone N-甲基吡咯烷酮 
Phen o-Phenanthroline 1,10-菲罗啉 
r.t. Room Temperature 室温 
Py Pyridine 吡啶 
TBAI Tetrabutylammonium iodide 四丁基碘化铵 
TBHP Tert-Butyl hydroperoxide 叔丁基过氧化氢 
Tempo 2,2,6,6-Tetramethylpiperidinooxy 2,2,6,6-四甲基哌啶氧化物
THF Tetrahydrofuran 四氢呋喃 
TMEDA N,N,N',N'-Tetramethylethylenediamine 四甲基乙二胺 
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第一章 绪论                                  
1.1 引言 





Todd[4]发展了氢亚磷酸酯与亲核试剂的反应，这两个人名反应成了构建 P-X (X = 
C, N, O, S 等) 键最经典的方法。但这两个方法本身面临一些缺点，比如亚磷酸
三烷基酯刺激性臭味，Todd 反应产生大量的卤素污染等。近年来，随着金属有
机化学的不断发展，金属辅助下，简洁高效构建 P-X (X = C, N, O, S 等)键成了磷
化学新的合成研究方向[5]。本章综述了近年来金属促进以 P(O)H 化合物出发的的
构建 P-X 键的新方法。 
1.2 芳基膦化合物的合成方法回顾——P-Csp2键构建 
 






































图 1.2 钯催化卤苯与磷氢化合物的偶联反应 
 
除了钯催化剂外，廉价的铜、镍催化剂也被广泛应用在磷芳基化反应中。2003
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